Repair and reinformcement of aged civil steel structures is one of the important issues for maintaining and using them for a long term. For repair and reinforcement of deteriorated civil steel structures due to fatigue and corrosion, patch plate reinforcement is widely applied. Bolting is generally used because of easy quality control and many construction achievements. However, bolting has downsides including holes made and weight increase. Welding is considered to overcome these demerits but in reality the application of welding is unsatisfactory due to the possibility of fatigue crack occurring from the welded part. In this study, a patch plate strengthening system of welded joint assisted with bonding has been proposed. The compressive behaviors of weld-bond jointed specimen were investigated by a series of experiments and FE analysis. It was confirmed that use of welding and bonding was effective to enhance compressive strength of specimen, due to better load-carrying capacity of patch plate compared with sole use of welding.
and repair on deteriorated members are urgently required to ensure the structure safe and prolong the service time.
The conventional method of repairing or strengthening steel structures is to cut out and replace plating, or attach patch plate to the damaged portion of the member [1] . Replacement is often not feasible due to the difficulties of construction, high expense and long service interruption time; on the contrary, patch plate reinforcement is shown to be effective. The commonly used techniques for applying patch plate are bolting because of easy quality control and many construction achievements. However, increase of self-weight, drilling holes in sound part and weak point for corrosion are significant disadvantages of steel plate bolting. The application of welding has been considered to avoid these demerits, and the features of flexible operation, lightweight, good appearance and tightness make welding a popular joining method. Despite the fact that welding exhibits many strongpoints, in reality patch plate welding is not very satisfactory as it will change the material properties and may lead to fatigue crack occurring from welded part [2] .
The main causes of fatigue crack are stress concentration, residual stress, and high applied stress level; some treatments are usually performed to improve fatigue strength, such as TIG-dressing, grinding and hammer peening [3] . Recently adhesive bonding for fiber reinforced polymers (FRP) reinforcement has become a promising joining technology due to lightweight, uniform stress distribution and the elimination of local stress concentrations. As new material for structural rehabilitation in civil engineering, fiber reinforced polymers (FRP) has gained wide acceptance due to the advantages including high strength-to-weight ratios, excellent resistance to corrosion and environmental degradation [4] .
However, there is also hesitancy in using bonding technology in structural components, since the long-term strength of adhesive bonding is probably affected by service temperature and environment limitation, such as chemical attacks and the presence of moisture.
As described above, each joining method for patch plate reinforcement has advantages and disadvantages. Therefore, a combination of welding and bonding has been examined for complementing the weak points of each joint method.
Weld-bonding, an advanced hybrid joining technology, is generally used for thin plates (0.5 -3 mm) by combining resistance spot welding with adhesive bonding [5] . In recent years it has attracted a great deal of attention of researchers and industries, as a result of the following superior properties of weld-bonded joint: 1) high static strength; 2) long term durability including fatigue performance; 3) improved corrosion resistance; 4) excellent appearance [6] [7] . Therefore, weld-bonding has been widely used in many fields such as production and assembly of aircraft, aviation and automobile.
For thick plates in civil steel structures, the possibility of combination of fillet welding and adhesive bonding has been put forward. As the most common type It has been confirmed that the combination of welding and bonding increase the elastic tensile strength and the fatigue strength of patch plate joints. However, a lot of structural components used in civil engineering are subjected to not only tensile and fatigue cyclic loads, but also compressive loads. It is unknown whether the weld-bonded patch plate reinforcement system is effective for the members subjected to compressive loads. Therefore, the compressive behavior of steel members reinforced by patch plate with welding and bonding is focused on in this study. To investigate the effectiveness of weld-bonded patch plate reinforcement system on compression members, a series of experiment and numerical analysis was carried out on box columns with patch plates by welding, bonding and combination of them. Firstly, the materials and specimens used in this study are explained in the 2 nd Chapter. Especially, the material properties of bond subjected to weld heat input was examined. Furthermore, the heat affected bond region by welding was estimated in the specimen used in this study. After 
Materials and Specimen Fabrication

Steel Materials and Specimen
The purpose of this fundamental research is to investigate the compressive behavior of steel member reinforced by patch plate with welding and bonding. A relatively simple member is suitable for examining its mechanical behavior.
Therefore, square box columns with top and bottom plates are selected as the research objects, due to that the boundary condition of panels of box column with top and bottom plates is possible to be assumed as simply supported.
The steel material of box column is STKR400 of which the width and height 
Adhesive Bond Material
The adhesive material used is heat-resistant epoxy resin. This kind of bond is mainly used for CFRP or steel patch plate reinforcement bonding in the application of civil structures. In this study, after bonding steel plate to the panel of box column, fillet welding is performed around the edges of plate to process welding and bonding joint. Consequently, the region of bond near the weld bead is possibly affected due to high temperature generated by melting metal. The author investigated the influence of heating on the elastic modulus, the tensile strength, and the tensile lap-shear strength of the epoxy resin [9] . After thoroughly cured Figure 3 . Results of tensile tests on box column and patch plate materials. However, the specimens burned and carbonized under the circumstance of 300˚C in a few minutes. After a cooling process to the room temperature over a period of 2 days, the tests of tensile and shear specimens subjected to 150˚C, 200˚C and 250˚C heating, along with the unheated specimens are carried out. that the mechanical properties of the bond material will be adversely affected and deteriorated when the heating temperature is higher than 150˚C.
To identify the heat-affected bond region due to welding heat input and master the making procedure of joints, the weld- The made weld-bonded specimen is cut into pieces to show the appearance of cross section, in order to examine the damage condition of bond layer. The optical microscope photograph showing the region near the weld bead is illustrated in Figure 5 . Due to the small thickness of patch plate, the overlapping of weld bead occurred, which may enlarge the high temperature area of bond and reveal negative effect.
As shown in the dotted rectangular in Figure 5 , the region of intact adhesive On the other hand, a simple thermal conduction theory is applied to carry out the simulation of ultimate temperature in the case that one plate is welded to another. The analysis result is compared with the temperature when bond material property change, that is 150˚C, to examine the region of adhesive affected by welding heat input.
Without consideration of interrelationship of four fillet welds in one specimen, and neglecting the slight effect of bond layer on heating, the highest temperature attainment [12] in case of one single weld bead is calculated by the following equation: arc welding (70%) into account [13] , the heat input P Q is taken to be 700 J/mm.
If the equivalent heat input eq Q flowing into the flange and web of a T-shaped fillet weld, as found in a previous study [14] , is the equivalent heat inputs B Q
and P Q flowing into, respectively, the base plate and patch plate, B Q and P Q can be found from the following equations:
Here, B t is the thickness of the base plate (4.5 mm), and P a is the length of the patch plate (150 mm).
The heat input net Q in Equation (1) is substituted by B Q and P Q to result in the maximum temperature max θ of base plate and patch plate, the relationship between them and the distance from the weld root is shown in Figure 6 , as well as the average value of maximum temperature of base plate and patch plate.
It is found that when the distance from the weld root is less than 10 mm, the maximum temperature of patch plate and average value exceed 150˚C. In other words, the bond in the region that the distance from weld root is under 10 mm to heating. The estimated result roughly matches the visual observation on the welded-bonded specimen. In fabrication process, it is impossible to control the heat-affected bond region; therefore, the effect of heat-affected bond region on compressive strength of box column will be investigated through numerical analysis.
Fabrication Process of Box Column Specimen
The patch plate jointed specimens for compressive experiment are fabricated by using the steels and bond material described above. In order to eliminate work-hardening and residual stress formed during the process of cold rolling and welding of top and bottom plates, annealing is performed prior to the ap- 
Out-of-Plane Displacement Behavior
The relationships between compressive load and out-of-plane displacement are shown in from Figures 8-11 . Panels 1 and 3 are opposite as same as panels 2 and 4. Positive (negative) displacement means outside (inside) deformation of panel.
For N, W, and WB specimens, opposite panels exhibit consistent out-of-plane displacement mode, inside or outside. As for B1 specimen, debonding of patch plates on panels 2 and 4 occurred after the ultimate load is reached, as can be seen the sudden increasing displacements from the debonding points in Figure   9 experience debonding of patch plate.
Load-Carrying Capacity
The compressive load-vertical displacement curves of all specimens are shown in Figure 13 , in which the two vertical displacement values are obtained by the Open Journal of Civil Engineering Figure 13 . Relationship between load and vertical displacement.
average of the vertical displacement transducers. In elastic stage, the slopes of W, B, and WB specimen curves are larger than those of N specimens. Therefore, the stiffness increases by attaching patch plates to the surface of box column. Comparing to the un-strengthened control N specimens, patch plate strengthened specimens by welding, bonding, and welding-bonding could increase the ultimate compressive load up to 14.9%, 6.6% and 20.0%, respectively. The results show that significant compressive capacity improvement of patch plate strengthened box column could be achieved by combination of welding and bonding. It is also observed that the vertical displacements of WB specimens are larger than those of W specimens before the ultimate loads are reached. In other words, WB specimens exhibit better energy absorption ability compared to W specimens, and the durability could be increased by the existence of bond.
It was confirmed that the ultimate compressive load of box column was increased by joining the patch plates with the combination of welding and bonding.
However, it is difficult to examine the effect and mechanism of this combined joint precisely based on the experimental results only. Therefore, numerical simulation is performed in order to gain a better understanding of compressive strength and mechanical behavior of steel members reinforced by patch plate with welding and bonding, numerical analysis is introduced and carried out in next chapter.
Numerical Simulation
Establishment of Models
The finite element software Abaqus/CAE version 6.14 was used to model the patch plate reinforced box columns, W, B, and WB specimens. Solid element C3D8R is used in the models. To precisely reproduce the compressive behavior of experimental specimens, full elasto-plastic models with top and bottom plates Table 2 ). On the other hand, Poisson's ratio of the adhesive bond is 0.35 regardless of the effect of welding heat input. Furthermore, debonding of bond material is not considered here.
In W and WB model, welding process is not simulated. Therefore, no welding residual stress is considered. The geometric initial imperfection is not introduced in models.
The assembly of WB model is shown in Figure 14 . There is a 0.05 mm distance between the adjacent surfaces of box column and top or bottom plate, as
shown in the figure of cross section, the surfaces are constrained to allow for the interaction, because during loading box column and top or bottom plate are expected to be "hard" contacted. The friction coefficient 0.15 is determined for the tangential behavior of interaction.
Static vertical loading process is created by forced displacement acting on the top plate. The vertical displacement at all nodal points of the bottom plate is fixed. Horizontal rigid body displacement is fixed at specified nodal points. Figure 15 shows the relationship between compressive load and vertical displacement affects the compressive behavior of steel welded member. The compressive welding stress reduces the elastic limit load of the member. However, the ultimate load was not affected by the welding residual stress [15] . The fillet weld beads are geometrically contacted to box column and patch plate, no heat process is applied in the models, therefore, the residual stresses generated by weld heat input is not considered in the analysis models. Actually, the elastic limit load of WB and W models were lower than those of the experimental re- Due to that the objective of this study is to investigate the improvement of the load-carry capacity by patch plate with combination of welding and bonding, the validity of analysis results could be achieved by the established models.
Results of Analysis
Effect of Weld-Bond Combination on Stress Distribution of Patch Plate Joints
To investigate the load-carrying situation at ultimate load of each series, the Mises stress distributions on the outer surface of box column and patch plate at mid-height are plotted, as given in Figure 16 . On box column, the stress of W and WB model reach yield stress of STKR400 steel although that of B model is lower than yield stress at ultimate load. Similarly, the patch plate of WB model Open Journal of Civil Engineering yields and the stress exhibits uniform distribution.
In the case of W model, the region of patch plate in the vicinity of the weld bead yields however, the stress significantly decreases with the increase of distance from weld bead. The results indicate that patch plate jointed by weld bead bears limited load, and combination of welding and bonding could improve the load transfer efficiency thus the joint exhibits better load-carrying capacity. In addition, the stresses of B model are relatively uniform and lower than yield stress.
The influence of welding heat input on bond layer has been discussed in Chapter 2, the heat-affected region is considered as invalid adhesive material.
On the other hand, the failure of bond in this study is thought to be strongly re- 
Conclusions
This study investigated the compressive behavior of patch plate strengthening system of fillet welded joint assisted with bonding. Box columns reinforced by patch plate with welding only, bonding only, and the combination of welding and bonding (referred to as W, B, and WB specimen) were fabricated. The bond region affected by welding heat input was identified by experimental investigation and thermal conduction theory. After that, a series of experiments were performed on the fabricated specimens. In order to examine the mechanical characteristics of jointed specimens, FEM analysis was carrying out by the established models. Based on the experimental and analytical results, the following conclusions can be drawn: 1) When the heating temperature generated by welding was higher than 150˚C, mechanical properties of the bond material would be adversely affected. The bond in the region that the distance from weld root was under 10 mm could be affected by heating under the welding condition in this study.
2) Monotonic compressive loading experiments were performed on N, B, W, and WB specimens. The patch plate of B specimen debonded completely or partially after ultimate compressive load. W and WB specimens didn't experience debonding of patch plate. From the results of compressive experiment, WB specimens exhibited high deformation capacity and compressive strength.
3) The stiffness and ultimate load of W, B, and WB specimen could be reproduced by FE models. The results of FE analysis indicated that patch plate of WB specimen could hold higher load-carrying capacity compared to that of W specimen; thus increase of compressive strength was achieved by the combination of welding and bonding. 4) Shear stress level of the edge of bond layer in WB model was lower than that in B model, because the existence of weld bead could prevent the occurrence of debonding.
This study treated a simple structure as non-stiffened steel box column. The reinforcement effect by patch plate with the combination of welding and bonding on actual structural members such as plate girders, bridge piers and truss members as future work. Then the feasibility of reinforcement work on site should be considered.
